We have performed scanning tunneling microscopy ͑STM͒ in ultrahigh vacuum and transmission electron microscopy ͑TEM͒ on silver and gold clusters grown in preformed nanometer-sized pits on the surface of highly oriented pyrolytic graphite. We describe the preparation method and evaluate the three-dimensional shape of the clusters using a combination of STM and TEM applied to the same cluster sample. The nanometer-sized pits were essential to fix the clusters in position when using STM. The influence of the tip shape on the STM imaging of nanometer-sized clusters is discussed.
I. INTRODUCTION
There is a growing interest in the study of mesoscopic structures having a structural size of a few nanometers. For example, the further miniaturization of electronic circuits will lead to this regime. The investigation of clusters, i.e., small particles with a size of a few nanometers, is an important step because their properties generally differ from ''expected'' bulk behavior.
Scanning probe methods offer the unique capability of directly mapping physical properties with atomic resolution; therefore, they are well suited for the investigation of single clusters, grown or deposited on a substrate. Corresponding experiments, however, present conflicting demands. On the one hand, the substrate should be smooth and have a weak interaction with the clusters because on a rough substrate the clusters are masked by the topology and with a strong cluster-substrate interaction the structural and electronic properties of the clusters can be changed drastically compared to those of free clusters, 1 which complicates the interpretation of the experiments. On the other hand, the investigation of clusters on a smooth and weakly interacting substrate with a scanning probe technique often proves impossible because the clusters are displaced by the tip. Only if a ''gentle'' probe such as noncontact scanning force microscopy is combined with at least an intermediate clustersubstrate interaction do the clusters stay fixed during scanning. 2 In order to use probes with a stronger tip-sample interaction such as scanning tunneling microscopy ͑STM͒ or scanning force microscopy in contact mode, which generally offer a higher spatial resolution, the cluster-substrate interaction has to be stronger. Junno et al., 3 for example, achieved this with a sintering of the sample, which introduced an interfacial chemical interaction.
In this article, we will show that it is possible to use a topological structuring of the substrate ͑preformed nanometer-sized pits͒ in order to fix the clusters in position. This has the advantage that a substrate can be used that has no chemical interaction with the cluster; hence, the cluster properties are not influenced strongly by the substrate. In addition, the use of such prestructured substrates offers the capability of simple cluster production in ultrahigh vaccum ͑UHV͒ by evaporation of the cluster material onto the substrate. If the mobility of the incoming atoms is high enough, the material condenses exclusively in the pits, which act as condensation centers.
The development of STM attracted renewed interest in the mechanism of oxidation of graphite surfaces at monolayer steps. With the possibility of imaging the surface of highly oriented pyrolytic graphite ͑HOPG͒ with atomic resolution using STM, it was proved that this mechanism leads to pits only 1 monolayer deep which form by the preferential oxidation of the first monolayer originating from existing surface defects. The existence of large circular pits was already perceived before the invention of STM with the technique of etch-decoration transmission electron microscopy, 4, 5 but with STM both the initial small-pit stage of the process and the depth of 1 monolayer could be measured. 6, 7 Besides using pit formation for the study of the chemical reaction of graphite with oxygen and other gases, 8 the pits are promising structural elements of mesoscopic size because their diameter is uniform and is given by the parameters temperature T, oxygen partial pressure p O 2 , and duration of the oxidation process t. Thus, diameters in the range of a few nanometers for the smallest pits and up to several hundred nanometers ͑until the pits overlap͒ can be achieved by controlling the oxidation process parameters. These welldefined, 1-monolayer-deep ''corrals'' were used for example for the study of nucleation in self-assembled molecular films. 9 The diameter d of the pits depends on the parameters of the oxidation process corresponding to the formula
where R is the gas constant and E a ϭ1.27ϫ10 5 J mol Ϫ1 is the activation energy for the monolayer etching with O 2 . 7 The constant C is of the order of 10 4 nm mbar Ϫ1 s
Ϫ1
. Yang and Wong found that the speed of pit growth is dependent on the pit density. 5 . The reason for this is the migration of oxygen from defect-free parts of the graphite surface to the pits, which causes a higher growth speed in the case of low pit densities.
The idea behind our work was to use small pits ͑diam-eters of about 5 nm͒ and a suitable number of pits per area for the production of separated metal clusters by condensation of evaporated metal atoms into these pits. For the STM investigation of the clusters we expected that the pits would also help fix the clusters on the HOPG substrate, which otherwise interacts only very weakly with the metals used ͑sil-ver and gold͒.
II. RESULTS AND DISCUSSION
In preliminary experiments we found that the natural defect density on the HOPG surface, which was freshly prepared by tape cleaving before oxidation, was too low for the use of nanometer-sized pits. With a density of below 1 pit m
Ϫ2
, small pits could rarely be found with STM and, during the evaporation of metal atoms, the condensation centers given by the pits would compete with a surplus of other condensation centers formed by surface steps or other irregular surface structures. Hence we increased the defect density on the HOPG surface by sputtering with Ne ions of 1 keV kinetic energy. A sputter current of 2ϫ10
Ϫ9 A was applied for 20 s to the sample surface of 6ϫ6 mm 2 . Given a sputter efficiency of about 0. , which should be valid for this high defect density. 5 After this two-step preparation, we imaged the HOPG surface before the metal deposition using an UHV-STM ͑Fig. 1͒. The experimental values 5ϫ10 2 pits m Ϫ2 and a mean pit diameter of 5 nm are in agreement with the values expected from the preparation parameters used. The standard deviation of the diameters is Ϯ2 nm. Figure 2 shows a typical pit with atomic resolution. The oxidized area in the surface layer is not as perfectly circular as it is for larger pits with a diameter of several tens of nanometers. At the edges of the pit, the lattice structure of the surface layer is distorted. Near the edge of the pit superstructures similar to those discussed in Ref. 13 can be observed. It should be mentioned that this picture was measured at a temperature of 5 K with a newly built low-temperature UHV-STM, which might have been advantageous with respect to stability while scanning the edges of the pit. All other STM images were taken in UHV at room temperature.
On this preformed surface with its nanometer-sized pits, we first deposited silver with an effective layer thickness of about 0.1 nm. The substrate temperature was 350°C. We transferred the sample into the UHV-STM without removing it from the vacuum chamber. Vacuum conditions are not critical during the preparation of the pits on the inert HOPG, but during this step it is important to keep the surface of the silver clusters clean. Cluster production by evaporation of the cluster material onto the HOPG surface with preformed pits is compatible with UHV conditions. This should allow the use of a broad range of cluster materials, including reac- tive ones. We have hitherto been restricted to the noble metals silver and gold only because we evaporated the metal in the load-lock chamber of our system, which has a base pressure of about 10 Ϫ6 mbar. Owing to the fixation in the pits it was possible to image the clusters with STM ͑Fig. 3͒ using the constant-current mode. However, a low tunneling voltage and a low tunnel current were necessary in order not to knock the clusters out of the pits (U T ϭ0.23 V, I T ϭ0.18 nA are the parameters for Figs. 3 and 4͒. The number of clusters per area is the same as the number of pits per area before silver deposition. This indicates that the silver has condensed exclusively at the preformed pits. During prolonged scanning of a given area, a cluster was sometimes pushed out of its pit. Then the underlying pit could be seen, as shown in the threedimensional plot in Fig. 4 together with some remaining clusters. The displaced clusters were immediately pushed out of the scan area. This is in agreement with experiments when we deposited silver clusters produced by gas aggregation on an atomically flat HOPG surface. Without the fixation to the pits it was impossible to image the clusters with STM. In this image one can also observe that all the clusters show the same shape. This is caused by the convolution with the tip shape. We used chemically etched tungsten tips that were freshly prepared before introduction into the UHV system. Assuming a typical tip radius of the order of 10 nm and a three-dimensional cluster size of a few nanometers, the con- volution with the tip shape will lead to a lateral cluster diameter in the STM image which is an image of the tip rather than of the cluster.
14 For this reason we evaluated only the height distribution of the silver clusters. The histogram in Fig. 5 shows that this height is very uniform. The mean height and its standard deviation is 3.7Ϯ0.7 nm. In addition to the clusters located in the pits, condensation of metal particles along surface steps could be observed in some pictures ͑Fig. 6͒. The condensation of metal particles at surface steps was investigated and discussed thoroughly using electron microscopy ͑see, e.g., Ref. 15͒. The cluster nucleation and growth in the pits represents the interesting special case of closed circular surface steps where the diameter of the circles is of similar size as the metal particles. This is probably one reason for the very uniform cluster size. We observed decoration of the edges of the pits with chains of clusters if the pits are too large or only part of the pits filled with clusters if there are too many pits per area for the deposited metal material. The preparation parameters presented here were optimized to obtain a homogeneous distribution of clusters well fixed to the nanostructured HOPG surface.
In order to clarify the influence of the tip shape and to determine the lateral diameter of the clusters as well, we prepared a sample for an additional investigation of the lateral cluster shape with transmission electron microscopy ͑TEM͒. We used the same preparation of the HOPG with the nanometer-sized pits, but evaporated gold onto the surface with an effective layer thickness eight times larger than for the silver clusters discussed above. The substrate was heated to 600°C during the gold evaporation. The UHV-STM measurement ͑Fig. 7͒ revealed larger clusters with a height distribution of 6.7Ϯ0.7 nm ͑see Fig. 5͒ . The number of clusters per area stayed equal to that for the sample with the silver clusters because we used a HOPG surface with the same number of pits per area. We used gold and a larger cluster size in order to achieve a good contrast for TEM, which was performed on the same sample after thinning the graphite to a thickness of about 100 nm. This was done by gluing the HOPG with the gold clusters in front onto cement ͑glycol phthalate͒ and thinning the sample from the backside first by cleaving with a knife and then by taping until the graphite film became optically transparent. After dissolving the cement in an acetone bath, the floating graphite film was captured on copper grids. A TEM image ͑Fig. 8͒ shows the lateral size of the clusters, which also proves to be rather uniform. The distribution of the cluster diameter is 10.1Ϯ1.9 nm. Together with the height information from the STM data Fig. 7 taken after thinning the HOPG from the backside. This image allowed the lateral diameter of the clusters to be evaluated, which, together with the cluster height measured with the UHV-STM, yields the three-dimensional shape of the clusters. As in Fig. 6 ͑measured with the UHV-STM͒ condensation at surface steps can be observed in addition to the clusters grown into the pits.
the three-dimensional shape of the clusters can be deduced. We have indicated the mean cluster diameter measured with TEM in the line profile of the STM image ͑Fig. 7͒. This illustrates the effect of the convolution with the tip shape. The increased lateral size of the clusters by convolution with the tip shape also leads to the impression of connected clusters in the UHV-STM image in Fig. 7 while the TEM image ͑Fig. 8͒ shows that most of the clusters are well separated. In both the STM and the TEM images the number of clusters per area is the same, which proves that the clusters are not pushed away by the STM tip. Otherwise one would observe fewer clusters per area when using the scanning probe microscope than in the TEM images as it is described in Ref. 2 . The aligned chains of clusters in Fig. 8 can be identified with clusters condensed at surface steps ͑see Fig. 6͒ .
III. CONCLUSION
Using a combination of UHV-STM and TEM we have investigated metal clusters grown on HOPG. We used preformed nanometer-sized pits produced in the first monolayer of the HOPG surface by oxidation of surface defects, which were introduced by sputtering. This had several advantages. Owing to the nanometer-sized pits the cluster growth could be performed in a controlled way. The pits acted as welldefined condensation centers, which led to a very uniform cluster size when the cluster material was evaporated onto the surface, which can be performed in UHV. In addition the clusters stayed fixed to the pits during STM scanning at room temperature. Without the pits the clusters would be displaced by the STM tip. Combining STM and TEM measurements we were able to deduce the cluster shape and prove that the clusters are three-dimensional with their height comparable to their diameter. The cluster samples prepared with our method are homogeneous on an area of several square millimeters with about 5ϫ10 8 clusters/mm 2 . This should allow the use of nonlocal measurement methods, which cannot be applied for single clusters manufactured using the STM tip. Together with the opportunity of using STM due to the fixation of the clusters to the pits this will enable a direct comparision of the nonlocal measurement methods with STM. For example it should be possible to compare scanning tunneling spectroscopy and photoelectron spectroscopy concerning the electronic structure of the clusters.
